We investigate Euclidean complexified wormholes in de Sitter space. It is known that for a suitable choice of parameters, the probability for the occurrence of the wormhole configuration can be higher than that for the compact instanton, and hence the Hartle-Hawking wave function will be dominated by Euclidean wormholes. Such wormhole configuration can be interpreted as the creation of two classical universes from nothing. In order to classicalize both universes and to connect at least one with inflation, it is necessary that the inflaton potential be specified. We numerically investigate the situation and find that only one end of the wormhole can be classicalized for a convex inflaton potential such as the chaotic inflation model with φ 2 potential, while both ends can be classicalized for a concave potential such as the Starobinsky-type R 2 inflation model. Therefore, if (1) the boundary condition of our universe is determined by the Hartle-Hawking wave function, (2) Euclidean wormholes dominate the contribution to the path integral, and (3) the classicality condition must be satisfied at both ends, then we conclude that it is more probable that our universe began with a concave rather than a convex inflation, which may explain the Planck Mission data.
We investigate Euclidean complexified wormholes in de Sitter space. It is known that for a suitable choice of parameters, the probability for the occurrence of the wormhole configuration can be higher than that for the compact instanton, and hence the Hartle-Hawking wave function will be dominated by Euclidean wormholes. Such wormhole configuration can be interpreted as the creation of two classical universes from nothing. In order to classicalize both universes and to connect at least one with inflation, it is necessary that the inflaton potential be specified. We numerically investigate the situation and find that only one end of the wormhole can be classicalized for a convex inflaton potential such as the chaotic inflation model with φ 2 potential, while both ends can be classicalized for a concave potential such as the Starobinsky-type R 2 inflation model. Therefore, if (1) the boundary condition of our universe is determined by the Hartle-Hawking wave function, (2) Euclidean wormholes dominate the contribution to the path integral, and (3) the classicality condition must be satisfied at both ends, then we conclude that it is more probable that our universe began with a concave rather than a convex inflation, which may explain the Planck Mission data. Introduction: How did the universe begin? This has long been one of the most fundamental questions in physics. The Big Bang scenario, when tracing back to the Planck time, indicates that the universe should start from a regime of quantum gravity [1] which is describable by a wave function of the universe governed by the Wheeler-DeWitt (WDW) equation [2] . The WDW equation is a partial differential equation and hence it requires a boundary condition. This boundary condition allows one to assign the probability of the initial condition of our universe. As is well known, to overcome some drawbacks of the Big Bang scenario, an era of inflation has been introduced [3] . Presumably, the boundary condition of the WDW equation would dictate the nature of the inflation.
One reasonable assumption for the boundary condition of the WDW equation was suggested by Hartle and Hawking [4] , where the ground state of the universe is represented by the Euclidean path integral. A path integral is a propagator between two hypersurfaces. The Euclidean propagator can be described as follows:
where g µν is the metric, φ is an inflaton field, S E is the Euclidean action, and h a,b µν and χ a,b are the boundary values of g µν and φ on the initial (say, a) and the final (say, b) hypersurfaces, respectively. Using * pisinchen@phys.ntu.edu.tw † innocent.yeom@gmail.com the steepest-descent approximation, this path integral can be well approximated by a sum of instantons [4] .
In their original proposal, Hartle and Hawking considered only compact instantons. In that case it is proper to assign the condition for only one boundary (say, choose that on b only); this is the so-called noboundary proposal (since there is 'no' initial boundary). In general, however, the path integral should have two boundaries. If the arrow of time is symmetric between positive and negative time for classical histories, then one may interpret this situation as having two universes created from nothing, where the probability is determined by the instanton that connects the two classical universes [5] . Such a process can be well described by the Euclidean wormholes [6] .
The purpose of this letter is to address the origin of inflation using this Euclidean wormhole technique. The Planck data on cosmic microwave background (CMB) indicates that certain inflation models are more favored than some others [7] . In particular, the concave Starobinsky-type model [8, 9] appears to be in favor over the convex chaotic inflation [10] . Is there any reason for this? Here we argue that if our universe began with a Euclidean wormhole, then the Starobinsky-type inflation is probabilistically favored.
Euclidean wormholes: Let us consider the following action
with the Euclidean minisuperspace metric given by
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Then the equations of motion are as follows:
For simplicity, we focus on two types of potentials: the convex potential represented by the chaotic inflation,
and concave potential represented by the Starobinskytype inflation,
which has a flat direction in the large φ limit. The detailed dynamics is independent of up to an overall rescaling of the metric; hence without the loss of generality, we choose = 2. For numerical demonstrations, we choose µ = 0.1 for V ch while α = 1/15 and A = µ 2 α 2 /2 for V st , so as to maintain the same effective mass around the local minimum.
In order to give a consistent initial condition, we impose the following ansatz:
where a min , B, φ 0 , η, ζ, and θ are free parameters. Here, a min and η should be further restricted by Eq. (4) to satisfy the conditions:
where V re and V im are the real and the imaginary part of V (φ) at τ = 0, respectively. In order to satisfy the classicality condition, θ must be tuned (the same as compact instanton cases, e.g., [12] ). As the complex contour can be represented by τ +it (where τ and t are real), one can choose a turning time τ = X from Euclidean to Lorentzian signatures. Then, through the Lorentzian contour X + it, as t → ∞, the classicality condition requires a i → 0 and φ i → 0. Consequently, a wormhole is characterized by the remaining three parameters: B, ζ, and φ 0 , where B is related to the size of the throat, ζ the degree of asymmetry between the two ends of the wormhole, and φ 0 the initial field value on a given potential (see [5] ).
These three parameters (B, ζ, and φ 0 ) are related to the shape of the wormhole only and have nothing to do with the classicality. Unless both ends of the wormhole are classicalized, the probability of the wormhole cannot be well defined, and hence it cannot be an allowed solution for a consistent Euclidean quantum cosmology. In order to implement the classicality of not just one but both ends, the only remaining knob is to tune the shape of the inflation potential. In the following section, we will show that the classicality for both ends is possible for the concave potential such as the Starobinsky-type inflation, while it is impossible for the convex potential such as the chaotic inflation.
Classicality and inflation models: Fig. 1 is an example for the chaotic inflation model V ch . For a given initial condition B = 3/4π, φ 0 = 0.51, and ζ = 0.001, one can find a turning time X that satisfies a i → 0 as t → ∞. By tuning θ 3π/2 + 0.5923, we can also tune φ i to approach zero along the turning time X. There should be another turning time X that governs the evolution of the other side of the wormhole. In this case, however, no matter how we optimized X , the condition for a i and φ i approaching zero as t → −∞ simply cannot be found.
The situation is very different for the Starobinskytype inflation. Fig. 2 shows the evolution of the Starobinsky-type inflation model V st . In this model, B, φ 0 , and ζ are the same as that in Fig. 1 . Since we have chosen the same effective mass around the local minimum, the behavior of the solution for Part B and Part C should be similar as the previous one. The classicality of Part C is obtained by tun- ing θ 3π/2 + 0.592715.
Here a major difference occurs in Part A. Since there is a flat direction in the potential, φ i → constant as t → −∞. As a result, the kinetic term of the scalar field vanishes and there is no contribution from the imaginary part of the scalar field. Therefore, the metric approaches a real valued function, i.e., a i → 0. Because of this, a solution for X can be found that satisfies a i → 0 and φ i → constant as t → −∞.
For both cases, due to the lack of free parameters for fine-tuning, there is no trivial way to make both a i and φ i zero on both sides of the wormhole. The next option is then to make a i and φ i vanish on one side only and make φ i approaches a constant on the other side. This requires that the potential should have a flat direction at least on one side. This is the reason why the Starobinsky-type model conforms with classicalized Euclidean wormholes.
Probability: In order to validate the preference of wormholes over compact instantons, we now make an estimate of their respective probabilities. In general, if a potential is approximately flat, i.e., V (φ) = V 0 , thenφ/φ = −3ȧ/a, and henceφ = Aa −3 with a constant A. For our own interest, we set A = iB with a real value B. Then the probability of a Euclidean wormhole is log P S E −3π and a min corresponds to the size of the wormhole at the maximum and the minimum, respectively. (This probability corresponds the ζ = 0 limit; see [5] .) Since the Euclidean action for the compact de Sitter space (that is responsible for the 'no' boundary proposal) is log P −π 2 , one can easily see that wormholes are preferred over compact instantons. It is therefore reasonable to conclude that the Euclidean path integral should be dominated by Euclidean wormholes instead of compact instantons.
Conclusion: In this letter, we reach the following conclusion. If (1) the boundary condition of our universe is determined by the Hartle-Hawking wave function, (2) Euclidean wormholes are dominant contributions of the Euclidean path integral, and (3) the classicality condition for both ends of the wormhole is required, then we conclude that it is much more natural that our universe began with a concave inflaton potential such as that of the Starobinsky-type inflation rather than a convex inflaton potential such as that of the chaotic inflation [13] .
There are abundant evidences for Assumption (2) as we mentioned in the previous paragraph (see [5] ; also, detailed calculations will appear in our upcoming paper). Assumption (3) is required for a consistent Euclidean path integral. It is not ruled out, however, that there may be a way to control the probability for unclassicalized wormholes. Though a logical possibility, it is very unlikely. When a probability of an instanton is not well defined, usually the reason is either the history is not a steepest-descent of the path integral or it is not a result of the ground state wave function. Finally, it is unclear whether Assumption (1) can be directly verified, but if our universe was indeed originated from Euclidean wormholes, then there is a possibility that wormholes would generate and leave a unique signature to the cosmic microwave background that may be confirmed or falsified by upcoming experiments. In this regard, our argument may explain the data from the Planck Mission [7] .
In conclusion, in this letter we provide an argument based on generic quantum gravity considerations that it is much more natural that our universe began with a Starobinsky-type inflation. The Euclidean path integral can explain the reason why our universe prefers to start from such a concave potential rather than a convex potential. Of course, this is not the end of the story. One needs to further investigate whether this Euclidean wormhole is compatible with other as-pects of inflation. It will also be interesting to explore the relation between the probability distribution of wormholes and the detailed shapes of various inflaton potentials. We leave these topics for future investigations.
